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Due to a directional asymmetry of neutrino emission caused by parity violation, a sample of
radioactive atoms experiences a small recoil force from neutrino radiation accompanying electron
capture by polarized nuclei. An expression for this force is obtained for the case of allowed nuclear
transitions. Prospects to measure this force by the use of modern micromechanical devices are
considered. Numerical estimates for the force are presented for a number of most suitable radioac-
tive isotopes. Potential applications for the weak interaction studies are discussed including the
possibility to search for hypothetical Lorentz invariance violation.
I. INTRODUCTION
Discussion on new feasible neutrino sources for neu-
trino oscillation studies contributed to renewed interest
in electron capture (EC) because EC-unstable ions gen-
erate monochromatic electron neutrinos. Proposals [1, 2]
for the EC based neutrino sources appeared as a part of
a more general concept to use β-decaying nuclei (or ions
with such nuclei) accelerated and accumulated in a stor-
age ring to produce intense collimated neutrino beams
(β beams) [3] (for more details on β beam projects, see
[4, 5]). With neutron-deficient nuclei decaying via β+
or EC, one can form modulated completely or partially
monochromatic neutrino beams (β and EC beams); such
beams could be useful for neutrino oscillation experi-
ments, as well as for other investigations in physics of
the weak interaction (see [6, 7] and references therein).
Recent study [8] (see also [9, 10]), initiated by pro-
posals [1–3] on collimated neutrino beams, is devoted to
another aspect of EC. It concerns a recoil force resulted
from the asymmetry of neutrino emission in EC involving
polarized nuclei. To begin, let a nucleus with spin Ji cap-
ture an electron from the x-shell, undergo a transition to
the n-th state of the daughter nucleus with spin Jf and
energy E∗n (E
∗
0 = 0 for transitions to the ground state
n = 0) and emit an electron neutrino with energy
Eνnx = QnEC −Ex−ER, QnEC = ∆(mc2)−E∗n. (1)
Here ∆(mc2) is the difference of the rest energies of
the initial and final atoms, Ex is the final atom ex-
citation energy (the atom has a hole in the x-shell),
ER ' E2νnx/(2mfc2) is the recoil energy for the final
atom of mass mf .
The simple relation between ER and Eνnx is due to
the fact that the final state consists of only two particles,
neutrino and final atom, so the energies of these par-
ticles are fixed by energy and momentum conservation
laws. The recoil energy ER is very small and is usually
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neglected. However, in the early studies of weak inter-
actions the recoil effect in elementary processes was a
subject of careful analysis as an indirect evidence for the
neutrino existance. The first successful measurement of
ER was reported for the reaction
7Be+e− → 7Li+νe [11].
If there is no preferred direction in space, then the
angular distribution of neutrinos (and recoil atoms) is
isotropic. In particular, in the experiment [11], radioac-
tive 7Be atoms, deposited on a platinum foil, received a
recoil momentum to the foil or in the opposite direction
with equal probability. In the latter case, the ions es-
caped the metal surface and reached spectrometer that
measured their kinetic energy. However, when the nuclei
are polarized along some axis z, the angular distribution
is anisotropic due to parity violation. Then, if, for exam-
ple, the neutrinos are emitted predominantly opposite to
z-axis, the recoil atoms will conversely receive momen-
tum along z-axis.
Clearly, the recoil momentum is transferred to the sam-
ple if the radioactive atoms are bound in it. Thus, for
polarized nuclei, a recoil force emerges, acting on the
sample as a whole. As was shown in Ref. [8], this force
can be detected using an atomic force microscope. This
is of interest because neutrino experiments are extremely
complicated due to very small cross sections of weak pro-
cesses. Therefore, it is useful to understand the possibil-
ities of a new method to observe neutrinos, in particular,
prospects to measure the neutrino mass as suggested in
Ref. [9]. Note that a similar idea of using gravitational
wave detector technology to measure and constrain par-
ticle interactions was discussed in Ref. [12].
Unfortunately, only one type of allowed transitions was
considered in Ref. [8], a pure Gamow–Teller transition
Ji → Jf = Ji− 1 (pii = pif ), and the features of the weak
interaction were accounted only qualitatively. Namely,
for the transition specified, it was assumed that if the
initial nuclei are completely polarized along z-axis, then
all the neutrinos are emitted opposite to this axis (such
a neutrino beam was named ”directed”).
In fact, the angular distribution of neutrinos (treated
as massless particles) in EC for allowed nuclear transi-
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2tions, as was first shown in Ref. [13], is given by
dW (θ)
dΩ
=
1
4pi
(1 +BP cos θ) , (2)
where θ is the angle between the neutrino momentum
and the polarization axis (z-axis), P is the polarization
of the initial nuclei, B is the asymmetry coefficient. Since
B = −1 for the transition Ji → Ji − 1, then the neutri-
nos are emitted in all directions except θ = 0, if P = 1;
the angle θ = pi corresponds to the maximum of the neu-
trino angular distribution. Thus, the direction opposite
to the polarization axis is the most probable direction of
neutrino emission, but not the only one. Therefore, the
directionality of the neutrino beam was strongly overes-
timated in Ref. [8]. This led, accordingly, to an overes-
timation of the average recoil momentum per neutrino
emission and, consequently, of the recoil force acting on
a sample.
The paper is organized as follows. In Section II we
briefly derive the angular distribution (2) of neutrinos
emitted in EC by polarized nuclei for the case of allowed
nuclear transitions Ji → Jf = Ji, Ji ± 1 (pii = pif ) taking
into account the neutrino mass. In Section III an expres-
sion for the recoil force acting on a radioactive sample
is obtained. In particular, it is shown that in the case
of Ji → Ji − 1 for completely polarized nuclei this force
is three times smaller than that obtained from qualita-
tive considerations in Ref. [8]. In Section IV electron-
capturing isotopes suitable for neutrino recoil force mea-
surement are presented. In Section V we give numerical
estimates for the recoil force. Due to some factors, the
estimated values are smaller than those given in Ref. [8].
We show, nevertheless, that measurement of the recoil
force seems possible by using the methods of magnetic
resonance force microscopy. In Section VI we discuss
characteristics of suitable isotopes and the correspond-
ing recoil forces. Section VII is devoted to proposals
for applying recoil force measurements in neutrino and
weak interaction physics. In Conclusion (Section VIII)
we summarize the results and discuss possible ways to
improve sensitivity of the proposed measurements.
II. NEUTRINO EMISSION ASYMMETRY
As mentioned above, the asymmetry of neutrino emis-
sion in EC was first obtained in Ref. [13]. Recently
this result was reproduced in Ref. [14], where some extra
contributions were discussed resulted from a hypothetical
Lorentz invariance violation. Below we present a short
derivation of the differential rate for electron capture for
the case of an allowed nuclear transition, suggesting neu-
trino has a mass mν , so that E
2 = p2c2 + m2νc
4, where
E = Eνnx and p = pνnx are the neutrino energy and
momentum.
Consider a polarized nucleus with spin Ji ≥ 1/2 cap-
ture an electron from an arbitrary x-shell of the initial
atom and undergo transition to the n-th state |nJfMf 〉
of the daughter nucleus with spin Jf and its z-axis pro-
jection Mf . The initial state vector is a superposition
|Ji〉 =
∑
Mi
aMi(Ji)|JiMi〉,
∑
Mi
|aMi(Ji)|2 = 1, (3)
where summation is done over states with the z-axis pro-
jection Mi of spin Ji. The neutrino emission rate in the
direction nν into a solid angle dΩ is determined by the
Fermi golden rule:
dwnEC(nν) =
∑
x
dwnx(nν) =
2pi
~
×
∑
xMfσeσν
∣∣∣∣∣∣〈nJfMf |
∑
j
hˆj(σe, σν)|Ji〉
∣∣∣∣∣∣
2
pEdΩ
(2pi~)3c2
, (4)
where
hˆj(σe, σν) =
GFVud√
2
e
−iprj~
× [ gA j(σe, σν)σj + igV j4(σe, σν) ] τˆj− (5)
is the weak interaction Hamiltonian, acting in the space
of non-relativistic 2-component wave functions of the
j-th nucleon (summation over j in Eq. (4) is done over
all nucleons); σe and σν are the spin projections on
z-axis for the captured electron and the emitted neu-
trino (we mainly use the notation from Ref. [15, Ch.
10]; see also [16, 17]). Here GF is the Fermi constant;
Vud is the element of quark mixing matrix; gV and gA are
the vector and the axial nucleon form factors; jλ(σe, σν)
are the components of the lepton current four-vector
(λ = 1, 2, 3, 4); rj , σj and τj− are the position, spin
operator and operator decreasing the isospin projection
for the j-th nucleon. Since pR/~  1, where R is the
nuclear radius, in the following we take the exponential
in (5) equal to one.
The neutrino emission rate has to be averaged over the
nuclear spin states. For z-axis chosen along the nuclear
polarization vector, the spin density matrix averaged over
the initial nuclei ensemble is diagonal,
〈aMi(Ji)a∗M ′i (Ji)〉 = 〈|aMi(Ji)|
2〉 δMiM ′i , (6)
and the nuclear polarization is given by
P =
〈Mi〉
Ji
, 〈Mi〉 =
∑
Mi
Mi〈|aMi(Ji)|2〉. (7)
Since our primary interest is in angular correlation,
we use non-relativistic approximation for the captured
electrons and treat the nucleus as point-like. Thus, the
lepton current
jλ(σe, σν) = iu
†
ν(σν)γ4γλ(1 + γ5)ue(σe)ψx(0) (8)
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FIG. 1. The asymmetry coefficient Bn as a function of the
parameter ξn (18) for the case of mixed Fermi and Gamow–
Teller transitions (Jf = Ji). Characteristic points are indi-
cated. The curve is drawn for the value Ji = 7/2.
is determined by the following bispinors:
ue(σe) =
(
ϕe(σe)
0
)
, (9)
uν(σν) =
√
E +mνc2
2E
 ϕν(σν)cσp
E +mνc
2
ϕν(σν)
 , (10)
where ϕe, ϕν are two-component spinors, ψx(0) is the ra-
dial wave function of the captured electron in the x-state
at the origin (on the point-like nucleus). The phases of
nuclear wave functions are chosen so that the matrix ele-
ments in Eq. (4) are real [18, §1B-2]. Using the Wigner–
Eckart theorem, we express the matrix elements in terms
of reduced matrix elements according to the definition
given in [15, Ch. 10],
〈nJfMf |
∑
j
σjq τˆj−|JiMi〉
=
√
2Ji + 1
2Jf + 1
C
JfMf
JiMi1q
MGT (nJfJi),
〈nJfMf |
∑
j
τˆj−|JiMi〉 = δJfJiδMfMiMF (nJiJi). (11)
To present the results, it is convenient to rewrite the
neutrino emission rate (4) and the corresponding angular
distribution (2) in the following form:
dwnEC(θ)
dΩ
=
wnEC
4pi
(1 + ηnBnP cos θ) , (12)
dW (θ)
dΩ
=
1
wnEC
dwnEC(θ)
dΩ
, (13)
where wnEC =
∑
x wnx is the total rate of the transition|Ji〉 → |nJf 〉 due to EC; the ratio Pnx = wnx/wnEC
determines the probability to capture an electron from
the x-shell. The factor
ηn =
c
∑
x
p2νnx|ψx(0)|2∑
x
pνnxEνnx|ψx(0)|2 (14)
is smaller than unity for mν 6= 0 and becomes unity for
massless neutrino. In the case of pure Gamow–Teller
transitions Ji → Jf = Ji ± 1 (if Ji = 1/2, then the only
possible transition is Ji = 1/2→ Jf = Ji+1 = 3/2), one
obtains:
wnEC = φn g
2
AM
2
GT (nJfJi),
Bn =

Ji
Ji + 1
, Jf = Ji + 1,
−1, Jf = Ji − 1,
(15)
where
φn =
(GFVud)
2
pi ~4c2
∑
x
pνnxEνnx|ψx(0)|2. (16)
If Jf = Ji, and a mixed Fermi and Gamow–Teller tran-
sition takes place, then
wnEC = φn
[
g2AM
2
GT (nJiJi) + g
2
V M
2
F (nJiJi)
]
,
Bn = −1 + 2
√
Ji(Ji + 1) ξn
(Ji + 1)(1 + ξ2n)
,
(17)
where
ξn =
gVMF (nJiJi)
gAMGT (nJiJi)
. (18)
The dependence of the asymmetry coefficient Bn (17)
on the parameter ξn (18) with fixed Ji is presented on
Fig. 1. Note that the maximal (at ξn1 = −
√
(Ji + 1)/Ji )
and the minimal (at ξn2 =
√
Ji/(Ji + 1) ) values of Bn
coincide with the results for Jf = Ji + 1 and Jf = Ji − 1
given by Eq. (15).
For massless neutrino our results coincide with those
presented in Refs. [13, 14]. Clearly, the impact of neu-
trino mass is very small, so in what follows we neglect it
except for the subsection specially devoted to the possi-
bility to measure mν .
III. NEUTRINO RECOIL FORCE
Generally, an atom with a neutron-deficient nucleus
is unstable with respect to EC and β+-decay; let
InEC and Inβ+ be the corresponding branching ra-
tios for transition to the n-th state of the final nu-
cleus (
∑
n InEC +
∑
n Inβ+ = 1). The decay rate
wnEC = InEC ln 2/T1/2 for the electron-capture transi-
tion is determined by the branching ratio InEC and by
the half-life T1/2 of the radioactive atom. Note that a
4sample containing N radioactive atoms has the activity
α = N ln 2/T1/2.
The z-component of recoil force Fnz = ∆Pnz/∆t is
determined by the momentum
∆Pnz = −N∆t
∮
Eνn cos θ
c
dwnEC(θ), (19)
transferred to the sample during the time ∆t. The for-
mula involves the neutrino energy averaged over atomic
shells x,
Eνn =
∑
x
PnxEνnx, (20)
so that pnz = Eνn cos θ/c is the z-component of momen-
tum for the neutrino emitted at the angle θ. Substituting
the differential rate dwnEC(θ) (12) into Eq. (19) and in-
tegrating over dΩ, one obtains:
Fnz = −NInEC ln 2EνnBnP
3 c T1/2
= −αInECEνnBnP
3 c
.
(21)
Thus, the recoil force, caused by the neutrino emission
asymmetry, is determined by the product of the sample
activity α, the branching ratio InEC , the neutrino en-
ergy Eνn, the asymmetry coefficient Bn, and the nuclear
polarization P .
In a constant magnetic field B at a temperature T , the
polarization P (7) arises from the Boltzmann distribution
of nuclear states (the z axis is along B),
〈|aMi(Ji)|2〉 ∼ e
−EMi
kBT , (22)
where EMi = −µBMi/Ji is the state energy, µ is the
nuclear magnetic moment, kB is the Boltzmann constant,
and is given by (see, e.g., Ref. [19]):
P =
2Ji + 1
2Ji
cth
(
β(2Ji + 1)
2Ji
)
− 1
2Ji
cth
(
β
2Ji
)
, (23)
where β = µB/(kBT ). Since nuclear magnetic moments
are of the order of the nuclear magneton µN , the value
of β is small even in a strong magnetic field B at a rela-
tively low temperature T . Indeed, taking B0 = 1 T and
T0 = 1 K one gets
β0 ≡ µNB0
kBT0
= 3.658 · 10−4. (24)
In the case of β  1, the polarization (23) and the z-
component of the sample magnetic moment Mz = NµP
take the form
P ' β(Ji + 1)
3Ji
, Mz ' NJi(Ji + 1)~
2γ2B
3kBT
, (25)
where γ = µ/(~Ji) is the nuclear gyromagnetic ratio.
As the temperature decreases, the magnetic moment (as
well as the polarization) increases according to Curie’s
law: Mz ∼ 1/T .
Assuming µB  kBT and using Eq. (25) for the po-
larization P , we rewrite the recoil force (21) acting on a
sample, which consists of one sort of radioactive atoms
and has a mass m, as follows:
Fnz = −m B[T ]
T [K]
Cnfn, (26)
where B[T ] is the magnetic field measured in Tesla (T),
T [K] is the temperature measured in Kelvin (K), the
coefficient
Cn = Bn
Ji + 1
Ji
(27)
is determined by the initial and final nuclear spins and
by the transition type (see Eqs. (15) and (17) for Bn),
while the force parameter
fn =
β0 InEC ln 2
9T1/2
· Eνn
mac
· µ
µN
, (28)
depends on the transition characteristics and the initial
atom properties, in particular, on its mass ma.
The coefficient Bn (as well as the coefficient Cn) can
be either positive or negative; therefore, the contribu-
tions from different transitions, generally speaking, will
partially cancel each other. Because of this, in the follow-
ing we mainly discuss the simplest situation, when there
is only one selected allowed transition with the branch-
ing ratio InEC ≥ 0.98 (the contribution to the recoil force
from neglected transitions will not exceed ∼ 2%, which
is comparable with other uncertainties).
Pure Gamow–Teller transition is an especially simple
case, for which the coefficient Bn is known. If Ji → Ji−1,
then Bn = −1 (substitution into Eq. (21) gives an ex-
pression which differs from the one obtained in Ref. [8]
by the factor of 1/3). For transitions Ji → Ji + 1, the
coefficient Bn (15) only slightly differs from unity, so the
recoil force will be of the same order of magnitude as in
the case of Ji → Ji − 1. As for the transitions of mixed
type Ji → Ji, the absolute value of the coefficient Bn
can be comparable to unity at favorable values of pa-
rameter ξn (18) (in principle, it is even possible to get
Bn = −1 if ξn = ξn2 =
√
Ji/(Ji + 1) ).
IV. SUITABLE ISOTOPES
A list of isotopes with non-zero spins decaying only
(InEC = 1) or mainly (InEC ≥ 0.98) by EC via al-
lowed transition to a single final nuclear state is not too
wide. Recently we composed such a list for Gamow–
Teller transitions in the context of the problem of mod-
ulated neutrino beams formation [6] (see also [7]). Here
we present an extended list of suitable isotopes that de-
cay via Gamow–Teller transition into the ground or ex-
cited states of daughter nuclei; see Tables I and II. As for
transitions between the nuclei with the same (non-zero)
5spins and parities (i.e. for mixed Fermi and Gamow–
Teller transitions), there are only two suitable isotopes
(note that argon is a gas under standard conditions, but
it solidifies at temperatures below 83.85 K); see the top
part of Table III. For both isotopes, transitions are going
to the ground states of the final nuclei with the proba-
bility IEC = 1. Besides, we adduce three more isotopes
with two transitions, to the ground and excited states of
the final nucleus, with the total intensity IEC ≥ 0.98; see
the bottom part of Table III. One of the transitions is of
pure Gamow-Teller type, while the other one is of mixed
type.
In Tables I-III we present the basic properties of the de-
caying nuclei (half-lives T1/2, magnetic moments µ) and
of the selected nuclear transitions (branching ratio InEC ,
excitation energy of the final nucleus E∗n, energy release
QnEC , neutrino energy Eνn). These data are used to cal-
culate the force parameter fn (its values are also shown in
the Tables) and other relevant quantities. All numerical
values are taken from the website [20].
Note, that the values of the neutrino energy Eνn (20)
are provided on the website [20] for some isotopes, but
not for all. However, the values of Eνn can be eas-
ily found. Indeed, the energies Eνnx (1) follow from
the data [21] on excitation energies Ex of the final-state
atoms with holes in x shells, while the probabilities Pnx
are given on [20] for x = K and L for all transitions.
Thus, we calculated the energies Eνn for all isotopes of in-
terest using Eq. (20) and assuming PnM = 1−PnK−PnL.
The reliability of the calculated values is confirmed by
their agreement with the ones presented on the web-
site [20].
We also performed similar computations for the ener-
gies of electron-capture secondary products and the cor-
responding heat loads. If the transition occurs to the
ground state of the nucleus, the total released energy
is distributed between the neutrino and the final-state
atom excitation: ∆(mc2) = Eν0x + Ex (see Eq. (1);
as mentioned previously, we neglect the recoil energy).
The energy Ex is, in turn, distributed between the sec-
ondary products of the decay, x-rays and Auger elec-
trons (AE), emitted by the excited atom. For the tran-
sition to an excited state of the final nucleus, we have
∆(mc2) = Eνnx + E
∗
n + Ex. The nuclear excitation en-
ergy E∗n is also distributed between the secondary prod-
ucts: γ-rays, conversion electrons (CE) and additional
x-rays and AE resulted from recombination of holes in
the K-, L-, M -, . . . shells of the final atom, caused by
CE emission. The total energy of the secondary products
per decay is given by
Et = E
∗
n +
∑
x
PnxEx, (29)
and the corresponding total power caused by EC and
released in a sample is
Wt = αInECEt. (30)
However, it is crucial to know the energy EAE,CE re-
leased in electron emission. Indeed, as it was reason-
ably noted in Ref. [8], the experimental setup can be
designed so that the radiation will not be absorbed in
the radioactive sample or in the cooled area. Thus, the
heat load will be mainly determined by the secondary
AE and CE. Using integral and differential data on ener-
gies and intensities for secondary processes presented on
the website [20], we found the values of EAE,CE and the
corresponding heat loads
We = αInECEAE,CE (31)
for all the isotopes and transitions of interest.
V. NEUTRINO RECOIL FORCE:
MEASUREMENT PROSPECTS
The key element of an atomic force microscope is the
cantilever, a micromechanical beam of length l, width w
and thickness t, made of a material with Young’s mod-
ulus E clamped at one end and with a tip at the other
one (see, e.g., [22]). The force F acting on the tip and
its displacement z are related by Hooke’s law z = F/k,
where the spring constant is given by
k ' Ewt
3
4l3
. (32)
Atomic force microscope is usually operated in either con-
tact or noncontact mode. In contact mode, the cantilever
is in hard contact with the surface and moves over it;
measuring the tip displacement gives the force acting on
it. In noncontact mode, the tip on the free end oscil-
lates with the fundamental frequency of the cantilever ωc,
while placed at a distance from the surface; this allows
to determine, e.g., a force gradient by measuring the fre-
quency shift.
In Ref. [23], an atomic force microscope with the can-
tilever spring constant 0.2 N/m was operated in con-
tact mode, and the accuracy of force measurement was
10−12 N. With this result, the authors of [8] estimated the
mass of a 119Sb sample, required to obtain the neutrino
recoil force F = 10−12 N at 100% nuclear polarization.
Reproducing this estimate by Eq. (21) with Bn = −1,
Eνn = 542 keV and InEC = 1 (see Table II), we ob-
tain the activity α = 10.4 GBq, the number of atoms
N = 2.1 ·1015 and the sample mass m = 4.1 ·10−7 g (our
results for α, N and m are three times greater than those
from [8], because, as previously mentioned, our formula
for the recoil force contains an additional factor of 1/3).
The mass of the sample is comparable to that of the sil-
icon cantilever tip mt = 1.4 · 10−7 g, calculated by the
authors of [8] from the data given in Ref. [23]. Therefore,
if the polarization of 119Sb nuclei can be raised to unity
by the use of extremely strong intra-atomic magnetic field
at very low temperature (as it was assumed in Ref. [8]),
so that µB ∼ kBT (we discuss this option below), the sit-
uation for the antimony isotope seems quite optimistic.
6TABLE I. List of Gamow–Teller transitions from the initial nucleus AXi to the ground state (n = 0) of the final nucleus
AXf
due to EC. Here T1/2 and µ are the half-life and the magnetic moment of the initial nucleus, InEC is the branching ratio of the
transition, E∗n is the excitation energy of the final nucleus, QnEC is the energy release in EC, Eνn is the neutrino energy, fn is
the force parameter for the transition, mmin, Nmin, αmin, W
min
e , and W
min
t are the minimal values of the sample mass, number
of decaying atoms, sample activity, heat load from secondary electrons, and total power of the electron-capture secondary
products (see text for details), P is the thermal polarization of the initial nuclei for B = 10 T and T = 1 K.
AXi → AXf T1/2 µ/µN Q0EC (keV) f0 (N/g) Nmin Wmine ,Wmint (nW)
Jpii → Jpif I0EC (%) E∗0 (keV) Eν0 (keV) mmin (g) αmin (MBq) P (%)
163Er → 163Ho 75.0 m +0.557 1211 8.0 · 10−9 4.6 · 109 0.73, 5.39
5/2− → 7/2− 99.89 0 1164 1.3 · 10−12 0.71 0.10
135La → 135Ba 19.5 h +3.70 1207 4.1 · 10−9 1.6 · 1010 0.15, 0.81
5/2+ → 3/2+ 98.1 0 1175 3.6 · 10−12 0.16 0.63
165Er → 165Ho 10.36 h +0.643 377 3.1 · 10−10 1.2 · 1011 1.85, 15.9
5/2− → 7/2− 100 0 332 3.2 · 10−11 2.16 0.11
131Cs → 131Xe 9.69 d +3.543 355 9.5 · 10−11 3.4 · 1011 0.23, 1.35
5/2+ → 3/2+ 100 0 325 7.5 · 10−11 0.29 0.60
71Ge → 71Ga 11.43 d +0.547 233 1.6 · 10−11 5.4 · 1012 2.87, 5.57
1/2− → 3/2− 100 0 223 6.3 · 10−10 3.77 0.20
55Fe → 55Mn 2.74 y +2.7 231 1.2 · 10−12 9.5 · 1013 0.48, 0.71
3/2− → 5/2− 100 0 225 8.6 · 10−9 0.76 0.55
179Ta → 179Hf 1.82 y +2.289 106 1.4 · 10−13 2.4 · 1014 2.08, 15.9
7/2+ → 9/2+ 100 0 71 7.0 · 10−8 2.84 0.36
If, however, one considers the case of µB  kBT with
a relatively low nuclear polarization, the recoil force of
10−12 N appears inaccessible for 119Sb as well as for other
isotopes.
Fortunately, the use of an oscillating cantilever in non-
contact mode allows to measure forces much smaller than
10−12 N. In particular, this is the case for magnetic res-
onance force microscopy (MRFM) [22, 24–26]. In one of
the versions of this method a sample with a magnetic
moment Mz is attached to a cantilever; the force acting
on the sample results from a gradient ∇B(z) of inhomo-
geneous magnetic field. Note, that magnetic moment of
the sample is due either to unpaired electrons or to nu-
clei with non-zero spins (and magnetic moments). Thus,
the methods of electron paramagnetic resonance (EPR)
or nuclear magnetic resonance (NMR) can be applied.
Namely, affecting the sample by a specifically modulated
oscillating magnetic field (for NMR, with a frequency ωrf
close to ωNMR = γB), one induces oscillations of mag-
netic moment Mz with the modulation frequency ω. In
the case of NMR, one uses the method of cyclic adiabatic
inversion (see details in Ref. [25]). Then the force
Fz = Mz∇B(z) (33)
oscillates with the same frequency ω. When ω = ωc,
we get a resonance at which the amplitude of the can-
tilever displacement caused by the force of amplitude F0
reaches its maximal value x0 = QF0/k, where Q is the
quality factor. Hence, with a fixed accuracy of displace-
ment measurement, the sensitivity to the force increases
by a factor of Q. This is one of the methods of magnetic
resonance registration, used in MRFM. The advantage of
the method is its high sensitivity: magnetic resonance is
detected in very small samples, for which the standard
registration methods are inapplicable.
For our purposes, the following is important. Let us
assume that a sample consisting of N electron-capturing
atoms and attached to a cantilever is put in a constant
and homogeneous magnetic field B. The nuclear polar-
ization P in equilibrium is given by Eq. (23) or, in the
case of µB  kBT , by Eq. (25). Using cyclic adibatic
inversion, one can initiate oscillations of the nuclear mag-
netic moment Mz = NµP of the sample at the resonant
frequency of the cantilever ωc. But these oscillations are,
in fact, the oscillations of polarization P . Therefore, the
neutrino recoil force (21), proportional to P , will also os-
cillate. In this case, Eqs. (21) and (26) determine the
amplitude Fn = |Fnz| of this force.
Thus, the neutrino recoil force can be measured in the
same manner as the force acting on a magnetized sample
in MRFM. Of course, the homogeneity of the magnetic
field has to be sufficiently high to ensure that the mag-
netic force (33) is much smaller than the recoil force.
The limitations of the method described above are re-
7TABLE II. List of Gamow–Teller transitions from the initial nucleus AXi to the excited nth state of the final nucleus
AX∗f due
to EC. The quantities T1/2, µ, InEC , E
∗
n, QnEC , Eνn, fn, mmin, Nmin, αmin, W
min
e , W
min
t , and P are the same as in Table I.
Magnetic moments for 179W and 103Pd are unknown; they were taken to be µN as an estimate.
AXi → AX∗f T1/2 µ/µN QnEC (keV) fn (N/g) Nmin Wmine ,Wmint (nW)
Jpii → Jpif InEC (%) E∗n (keV) Eνn (keV) mmin (g) αmin (MBq) P (%)
179W → 179Ta∗ 37.05 m (1) 1032 2.2 · 10−8 1.5 · 109 1.17, 6.60
7/2− → 9/2− 99.2 30.7 975 4.5 · 10−13 0.48 0.16
107Cd → 107Ag∗ 6.50 h −0.615 1323 2.9 · 10−9 2.0 · 1010 7.91, 10.7
5/2+ → 7/2+ 99.7 93.1 1301 3.5 · 10−12 0.58 0.10
119Sb → 119Sn∗ 38.2 h +3.450 567 1.0 · 10−9 3.5 · 1010 0.61, 1.39
5/2+ → 3/2+ 100 23.9 542 6.9 · 10−12 0.18 0.59
111In → 111Cd∗ 2.805 d +5.503 443 7.8 · 10−10 5.7 · 1010 0.84, 11.5
9/2+ → 7/2+ 100 416.6 420 1.1 · 10−11 0.16 0.82
103Pd → 103Rh∗ 16.99 d (1) 535 3.1 · 10−11 1.9 · 1012 5.77, 8.62
5/2+ → 7/2+ 99.9 39.7 514 3.2 · 10−10 0.90 0.17
57Co → 57Fe∗ 271.7 d +4.720 700 2.2 · 10−11 3.7 · 1012 0.31, 2.51
7/2− → 5/2− 99.8 136.5 692 3.5 · 10−10 0.11 0.74
54Mn → 54Cr∗ 312.2 d +3.282 542 1.1 · 10−11 7.6 · 1012 0.13, 26.4
3+ → 2+ 100 834.8 537 6.8 · 10−10 0.20 0.53
73As → 73Ge∗ 80.30 d +1.63 278 7.8 · 10−12 6.3 · 1012 5.82, 7.75
3/2− → 1/2− 100 66.7 268 7.7 · 10−10 0.63 0.33
125I → 125Te∗ 59.41 d 2.821 150 5.0 · 10−12 7.0 · 1012 2.49, 9.3
5/2+ → 3/2+ 100 35.5 124 1.4 · 10−9 0.94 0.48
139Ce → 139La∗ 137.63 d 1.06 113 4.9 · 10−13 8.9 · 1013 26.7, 162.7
3/2+ → 5/2+ 100 165.9 84 2.1 · 10−8 5.21 0.22
109Cd → 109Ag∗ 461.9 d −0.828 127 1.8 · 10−13 3.0 · 1014 68.4, 92.1
5/2+ → 7/2+ 100 88.0 106 5.5 · 10−8 5.26 0.14
lated primarily to the thermal fluctuations [25]. At a
given temperature T , the minimally measurable force is
[24, Eq. (4.10a)] (see also [25, 27]):
Fmin =
√
4kkBT∆ν
Qωc
, (34)
where ∆ν is the measurement bandwidth. For estimates,
let us assume it equal to the half width at half maximum
of the resonance, ∆ν = ωc/(2Q) (this is equivalent to a
requirement ∆ν = 1/τ , where τ = 2Q/ωc is the oscillator
damping time); this leads to
Fmin =
√
2kkBT
Q
. (35)
Evidently, the sensitivity to the force can be improved by
increasing the quality factor Q, lowering the temperature
T and reducing the spring constant k (32).
In Ref. [27], a technology was presented to produce
thin (up to t = 50 nm) and long (up to l = 400 µm)
cantilevers, made of single-crystal silicon with a spring
constant up to 10−5 N/m and a quality factor of 103–104;
further development allowed to achieve Q ∼ 105 [22, 25].
Since
Fmin ' 10−19 N (36)
at k = 10−5 N/m, T = 1 K and Q = 105, this tech-
nology opened a possibility to measure attonewton and
sub-attonewton forces. In addition, a mass load to the
free end of a cantilever to suppress oscillation modes of
high orders was proposed in Ref. [28]. Note that the can-
tilever is positioned vertically; its upper end is clamped
(see Fig. 2). Ultra-thin cantilevers of this type with the
mass load slightly exceeding the mass of the cantilever
were successfully used, e.g., in studies [29–31]. The mass
load determines, in fact, the effective mass of the oscilla-
tor meff , which, along with the spring constant k, gives
the fundamental frequency of the cantilever oscillations:
ωc =
√
k
meff
. (37)
8TABLE III. List of mixed Fermi and Gamow–Teller transitions from the initial nucleus AXi to the nth state of the final
nucleus AXf due to EC (for isotopes in the bottom of the Table, pure Gamow–Teller transitions take place as well; see text
for details). The quantities T1/2, µ, InEC , E
∗
n, QnEC , Eνn, fn are the same as in Table I; m, N , α, We, and Wt are the sample
mass, number of decaying atoms, sample activity, heat load from secondary electrons, and total power of the electron-capture
secondary products (see text for details), Fn is the recoil force for pure Gamow–Teller transition or the maximal recoil force
for mixed Fermi and Gamow–Teller transition.
AXi → AXf T1/2 µ/µN m (g) N α (MBq) We,Wt (nW)
Jpii → Jpif InEC (%) E∗n (keV) QnEC (keV) Eνn (keV) fn (N/g) Fn (N)
37Ar → 37Cl 35.01 d +1.145 1.0 · 10−10 1.6 · 1012 0.37 0.12, 0.15
3/2+ → 3/2+ 100 0 814 811 7.5 · 10−11 1.3 · 10−19
49V → 49Ti 330 d 4.47 1.0 · 10−9 1.2 · 1013 0.30 0.16, 0.21
7/2− → 7/2− 100 0 602 597 1.7 · 10−11 2.2 · 10−19
7Be → 7Li∗, 7Li 53.22 d −1.399 1.0 · 10−10 8.6 · 1012 1.29 0.00, 10.4
3/2− → 1/2−
3/2− → 3/2−
10.44
89.56
477.6
0
384
862
384
862
1.6 · 10−11
3.0 · 10−10
0.3 · 10−19
5.1 · 10−19
51Cr → 51V∗, 51V 27.70 d −0.93 1.0 · 10−9 1.2 · 1013 3.42 2.00, 20.1
7/2− → 5/2−
7/2− → 7/2−
9.93
90.07
320.1
0
432
752
427
748
3.0 · 10−12
4.7 · 10−11
0.4 · 10−19
6.0 · 10−19
65Zn → 65Cu∗, 65Cu 243.9 d +0.769 1.0 · 10−7 9.3 · 1014 30.50 22.6, 2766.4
5/2− → 5/2−
5/2− → 3/2−
50.04
48.54
1115.6
0
236
1352
228
1344
5.8 · 10−13
3.3 · 10−12
8.1 · 10−19
46.5 · 10−19
FIG. 2. Scheme of a micromechanical resonator with a mass
load on the tip; l, w and t are the length, the width and the
thickness of the resonator.
To obtain the estimate (36) we used the value T = 1 K
taking into account the following. In order to enhance
the quality factor, modern studies in the field of MRFM
are performed at low temperatures (and at high vacuum).
However, in the process of sample remagnetization, dur-
ing cyclic adiabatic inversion, heat is produced. The sys-
tem also receives energy from the optical laser interfer-
ometer, which is used to detect the cantilever deflection.
As the result of efforts to minimize the heat load, the
temperature was lowered to T ' 1 K [31] (in particular,
the laser light power in the interferometer was reduced to
100 nW). This is why below we keep the ”conservative”
estimate T = 1 K for the temperature.
Let a radioactive sample of mass m be a mass load.
What is the upper limit on m? Following Ref. [27], we
take a cantilever with a maximal length l = 400 µm and
a maximal reasonable width w = l/10 made of single-
crystal silicon (with Young’s modulus E = 1.31 GPa and
the density ρ = 2.33 g/cm3). According to Eq. (32),
the required value of k corresponds to the thickness
t ' 80 nm and, therefore, the cantilever mass mc '
0.3 · 10−8 g. Taking the density ρ = 5 g/cm3 and the
volume of 40 × 40 × 10 (µm)3 for the sample, we ob-
tain mmax ' 10−7 g for the maximal mass. The os-
cillation frequency (37) of such a loaded cantilever is
νc = ωc/(2pi) ' 50 Hz (note that usually kHz-range is
used, however, e.g., the MRFM based study [32] was per-
formed with νc = 490 Hz).
Obviously, for a small sample with a mass, say, m '
m0 = 10
−10 g, a better option is a cantilever, made of the
same material and with the same spring constant as dis-
cussed above, but with smaller dimensions l = 100 µm,
w = 2 µm, t = 50 nm and the mass mc ' 2.3 · 10−11 g
(similar cantilevers with a mass load ∼ 10−10 g were
used in Refs. [29–31]). The oscillation frequency of such
9a ”small” cantilever is νc0 ' 1.5 kHz. For definiteness,
let us assume that a radioactive sample of mass m < m0
is placed on the ”small” cantilever, which is addition-
ally loaded up to the mass m0 with any non-radioactive
material (so its frequency is still νc0).
Applying the obtained limits on Fn and m to Eq. (26),
we get
Fn
m
=
B[T ]
T [K]
|Cn| fn ≥ Fmin
m
≥ Fmin
mmax
' 10−12 N
g
. (38)
Thus, the method described above allows to measure the
neutrino recoil force for a sample of electron-capturing
isotopes provided the force parameter fn satisfies the con-
dition (38) for reasonable values of magnetic field B and
temperature T .
VI. NEUTRINO RECOIL FORCE FOR THE
SELECTED ISOTOPES
Taking into account the capability of modern super-
conducting magnets, we suppose B = 10 T. The absolute
value of the coefficient Cn (27) is close to unity for pure
Gamow–Teller transitions, as well as for mixed transi-
tions with a favorable value of the parameter ξn. Thus,
setting |Cn| ' 1 and T = 1 K, we obtain from (38):
fn ≥ 10−13 N
g
. (39)
We used this condition to select the isotopes for Tables I-
III. For many transitions in the Tables the condition is
fulfilled with a margin.
Let us find the minimal sample mass providing a de-
tectable neutrino recoil force for each of the selected
Gamow–Teller transitions (see Tables I and II). To do
this we substitute B = 10 T and T = 1 K into Eq. (26)
and rewrite it in the form:
Fn = 10m|Cn|fn ≥ Fmin ⇒ m ≥ Fmin
10|Cn|fn ≡ m1. (40)
There is, however, an additional lower limit on the sample
mass: during one period of cantilever oscillations, the av-
erage number of emitted neutrinos should be sufficiently
large. Taking this number equal 100 (as an estimate), we
get
α
νc
=
m ln 2
ma T1/2 νc
≥ 100 . (41)
The frequency νc = ωc/(2pi) is determined by Eq. (37),
where meff = m, if m > m0 = 10
−10 g, and m0, if
m < m0. In practice, it turned out that mmin = m1 for
all isotopes, except for the sample of 135La (its minimal
mass was found from Eq. (41)). Clearly, an increase
in the mass m (to increase the recoil force) above the
minimal value mmin certainly results in the raise of α/νc.
In Tables I-II for each isotope (and each selected tran-
sition) we present the minimal sample mass mmin and the
corresponding number of radioactive atoms Nmin, sample
activity αmin, heat powers caused by the electron-capture
secondary products Wmine and W
min
t , as well as the po-
larization P of the initial nuclei. The isotopes in the
Tables are arranged in the descending order of the force
parameter fn that corresponds, as one can see, to the as-
cending order for the minimal mass mmin. The top and
the bottom parts of the Tables are separated by a line:
in the top part mmin < m0, while in the bottom part
mmin > m0.
Notice that the force parameter fn (28) depends on
four quantities: the half-life T1/2 and the magnetic mo-
ment µ of the initial nucleus, the mass of the initial atom
ma and the neutrino energy (averaged over x) Eνn. All
these quantities significantly vary from nucleus to nucleus
and from transition to transition. Nevertheless, in the
case of one predominant transition there is a correlation
between the half-life T1/2 and the energy Eνn (which is
slightly less than QnEC), because the larger is Eνn, the
less is T1/2. Hence, the ratio Eνn/T1/2 in Eq. (28) is
decisive. So it is not surprising that the isotopes (and
transitions) in Tables I and II are arranged in such a way
that with the decrease of fn the value of T1/2 tends to
increase, while the energy Eνn tends to decrease. Vari-
ations in the magnetic moment µ and the mass number
(along with the mass ma) bring in some irregularities in
these tendencies. Similarly, with the increase of mmin the
total number of atoms Nmin increases almost monotoni-
cally.
For nuclei with mixed Fermi and Gamow–Teller tran-
sitions (see Table III) we use another approach. Here it
is possible to determine only the maximal force, taking
|Cn| = |Cmaxn | = (Ji + 1)/Ji in Eq. (26). For each iso-
tope in Table III the sample mass m was chosen from
the rounded-off values 10−7 g, 10−8 g, 10−9 g, . . . in such
a way the maximal force Fn for the mixed transition
somewhat exceeds Fmin (36). For the chosen mass m
we present the number of atoms N , sample activity α,
heat powers due to the electron-capture secondary prod-
ucts We and Wt. The nuclei in the top and bottom parts
of the Table are arranged in the ascending order of mass
number.
One can readily see from Tables I-III that the sample
activity α varies but slightly: it is of the scale of 1 MBq,
even though N may change by 5 orders of magnitude.
This is because of Eq. (21). Indeed, the sample activ-
ities α for different isotopes and transitions are to be
comparable, if comparable are the recoil force and the
values of InEC , Eνn, Bn, and P .
The situation is similar for the heat powers We (31)
and Wt (30). Typically, the energies of secondary elec-
trons are of the scale of some tens of keV, thus the corre-
sponding heat load is of the scale of nW for α = 1 MBq
(indeed, 1 MBq · 10 keV ' 1.6 nW). It means that the
radioactive decays contribution to the total heat load
should not be a problem, because even for the tempera-
ture 25 mK the cooling power of modern dilution refrig-
erators is of the scale of tens µW [8].
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In principle, the recoil force can be increased by the
use of strong intra-atomic magnetic fields. Their appli-
cation was discussed in Ref. [8]. There is information on
hyperfine magnetic fields 22.5 T for 57Co, 18.785 T for
65Zn, 70.6 T for 119Sb and 33.3 T for 131Cs (see Table 1
from Ref. [8]; the basic properties of these isotopes are
also presented in Tables I-III of the present work).
Note, however, that only for the isotope 57Co the hy-
perfine field arises in cobalt metal. In the other cases, the
hyperfine magnetic field on isotopes of interest arises in
the presence of other elements, in particular, Zn and Cs
are to be in iron, Sb in a compound Pd2MnSb. Therefore,
in the case of Zn, Sb and Cs isotopes, radioactive atoms
will account for only a fraction of the sample attached
to a cantilever. At the same time, the advantage in the
value of the magnetic field is not that significant com-
pared to the field from superconducting magnets. Note
also, that at T = 1 K even for the 119Sb isotope in a
hyperfine magnetic field 70.6 T, the polarization reaches
only ∼ 4 %. Thus, the estimates reproduced above for
completely polarized 119Sb nuclei are only valid if, fol-
lowing Ref. [8], one assumes that the temperature can
be lowered to 25 mK; in this case Eq. (23) leads to
P ' 87 %.
The impact of intra-atomic fields can be easily eval-
uated by scaling the data presented in Tables I-III. If,
for instance, in a 57Co sample each nucleus is affected by
the hyperfine field B = 22.5 T (instead of 10 T) at the
temperature T = 1 K, then the sample with the mass
m = 3.5 · 10−10 g (see Table II), attached to a can-
tilever, will generate a recoil force 2.25 ·10−19 N (instead
of 10−19 N).
VII. POTENTIAL APPLICATIONS
A. Neutrino mass. Fundamental symmetries
For a pure Gamow–Teller transition, Ji → Ji ± 1, the
asymmetry coefficient Bn and the other factors determin-
ing the recoil force (21) seem to be fully defined. So, in
principle, a precise measurement of the recoil force for
the isotopes from Tables I and II can give some informa-
tion on the corrections to these factors. In reality, any
factor is defined with some accuracy, thus the measur-
able magnitudes of corrections would be limited by the
uncertainty of the recoil force.
Notice, in particular, that even the coefficient Bn is
not completely determined by Eq. (15). Indeed, Eq. (15)
is obtained assuming the V-A variant and time reversal
invariance (TRI) hold. In fact, tensor coupling as well
as TRI violation may contribute to the coefficient Bn,
as it seen from Ref. [13]. Current limitations for these
factors are presented, e.g., in Ref. [33] (see also references
therein). A consistent analysis of the accuracy of Bn and
all other factors entering Eq. (21) is beyond the scope of
this paper; we outlined the situation only to clarify the
next issue related to the neutrino mass.
In principle, the recoil force depends on the neutrino
mass via the neutrino momentum,
pνnx =
√(
Eνnx
c
)2
− (mνc)2
' Eνnx
c
(
1− 1
2
(
mνc
2
Eνnx
)2)
, (42)
that determines both the recoil momentum (19) and the
reduction factor ηn (14) for the asymmetry coefficient.
To simplify, we take into account only K capture and
obtain
ηn =
cpνnK
EνnK
' 1− 1
2
(
mνc
2
EνnK
)2
. (43)
We do not consider the impact of neutrino mass on the
integral decay rate wnEC (due to phase space reduction)
because we expressed it in Eq. (21) in terms of the ob-
served half-life T1/2.
Thus, the recoil force includes a product of the factors
(42) and (43) and have a somewhat smaller value for
massive neutrino:
Fn(mν 6= 0)
Fn(mν = 0)
' 1−
(
mνc
2
QnEC
)2
. (44)
The effect of the neutrino mass on the recoil force was
discussed in [9] (but in doing so the factor (43) was
not considered) taking into account the existing limit
mνc
2 ≤ 2 eV. Taking QnEC ' 100 keV, one obtains
relative change in force of order of ∼ 10−10. Obviously,
this value is much smaller than the accuracy with which
the recoil force (21) can be determined. For this reason,
the neutrino mass is hardly unlikely to be measured in
this way.
However, unique contributions to the asymmetry of
neutrino emission can be detected even if they are smaller
than the uncertainty of the regular term BnP (nνnI)
in (12), where nν and nI are unit vectors along neutrino
momentum and nuclear polarization axis (ηn is taken
equal to one). Such contributions resulting from hypo-
thetical Lorentz invariance violation were recently found
in Ref. [14]. One of them for a pure Gamow–Teller tran-
sition is of the form
BnP χ
s0
i [nν × nI ]s , (45)
where χs0i (s = 1, 2, 3) are imaginary parts of the com-
ponents of a complex tensor χµν which parametrizes
Lorentz violation.
One can see from Fig. 2 that measuring the recoil force
for the polarizing magnetic field B directed along the
axis y allows to detect or to set upper limit on the value
of χ10i (according to Ref. [14], at present this value is
unconstrained). Clearly, the isotopes from Tables I and II
(some of them were discussed in Ref. [14]) are the most
suitable for such experiment.
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B. Probability distribution Px
The probabilities Px of electron capture from different
shells x are of specific interest because they are deter-
mined by purely atomic properties. In the approximation
of point-like nucleus the ratio
Px
Px′
=
E2νnx
E2νnx′
|ψx(0)|2
|ψx′(0)|2 (46)
is sensitive to the electron wave functions on the nu-
cleus. Such ratios are measured by detecting the sec-
ondary products of EC, i.e., Auger electrons and x-rays
[34]. Throughout the paper we used the evaluated prob-
abilities Px (or the averaged energies Eνn calculated with
these evaluated probabilities) given on the website [20].
Of course, these evaluations are consistent with all ac-
cessible experimental data. However, an independent ap-
proach to determine the probabilities Px is of interest.
Measuring of the recoil force may be considered such
an approach. Indeed, the force (21) is proportional to
the neutrino energy Eνn (20), averaged over x. Taking
into account only the dominant contributions of K and L
shells, one can obtain the probabilities PK and PL from
the equations:{
PKEνnK + PLEνnL = Eνn,
PK + PL = 1.
(47)
Adding PM to PK and PL and assuming some relation
between them, one can find the capture probabilities in
such extended model.
Clearly, the larger is the difference between EνnL and
EνnK , the higher is the accuracy of this method. The
difference increases with the charge of the radioactive
nucleus and takes the values from 5.3 keV for the decay
54Mn→ 54Cr to 55.7 keV for the decay 179W→ 179Ta (we
account for only pure Gamow–Teller decays included to
Tables I and II each being determined by a definite asym-
metry coefficient Bn).
C. Mixing ratio for Fermi and Gamow–Teller
contributions
Isotopes from Table III decay via mixed Fermi and
Gamow–Teller transitions, which involves two reduced
matrix elements. The decay rate is determined by the
sum of the squared matrix elements, see Eq. (17). By
measuring the recoil force, one can obtain the asymmetry
coefficient Bn and, subsequently, the ratio of the reduced
matrix elements (see Eq. (18)), taking the ratio gA/gV =
−1.27 as known [35]. Thus, Fermi and Gamow–Teller
contributions to the decay rate can be distinguished. The
two isotopes, 37Ar and 49V, from the top part of Table III
are the most suitables for such measurement.
In the bottom part of Table III, three isotopes are pre-
sented that undergo a pure Gamow–Teller transition (of
type Ji → Ji−1 for all three isotopes) or a mixed transi-
tion (Ji → Ji). In this case, the recoil force is the sum of
two contributions (21), one of which corresponds to the
Gamow-Teller transition and can be calculated explicitly.
Therefore, the recoil force measurement probes, in fact,
the coefficient Bn (and the corresponding ratio of reduced
nuclear matrix elements) for the mixed transition.
For the isotopes 7Be and 51Cr the Gamow–Teller tran-
sition occurs to an excited state of the daughter nucleus
with a relatively small branching ratio, while the mixed
transition occurs to the ground state of the daughter nu-
cleus with a relatively high branching ratio. As a re-
sult, the force caused by the pure Gamow–Teller transi-
tion (which can be evaluated explicitly), is by one order
of magnitude smaller than the maximum possible force
caused by the mixed transition. For this reason, the sit-
uation is quite similar to the case of 37Ar and 49V.
As for the isotope 65Zn, both transitions have com-
parable branching ratios, but the pure Gamow–Teller
transition occurs to the ground state of the daughter nu-
cleus and produces much larger neutrino energy. Conse-
quently, the force related to this transition (and explicitly
calculable) turns out to be large (F0 = 46.5 ·10−19 N). In
this case, in contrast to the previously discussed, a rela-
tively small force (its maximal value Fn = 8.1 · 10−19 N
is given in Table III) caused by the mixed transition and
dependent on the ratio of the reduced matrix elements
(18), is, in fact, a correction to F0.
VIII. CONCLUSION
A sample of radioactive atoms experiences a recoil
force from neutrino radiation accompanying electron cap-
ture by polarized nuclei provided there is a directional
asymmetry of neutrino emission. This recoil is of interest
for at least two reasons. First, the force is proportional
to the asymmetry coefficient, i.e., the force measuring is
equivalent to measuring of the neutrino angular distribu-
tion asymmetry. Second, the recoil is also proportional
to neutrino momentum transfer to the sample. Thus, the
force is sensitive to factors determining the momentum
(the neutrino mass among them).
In this paper, we derive the asymmetry coefficient due
to parity violation for allowed nuclear transitions taking
into account the neutrino mass. An expression for the
corresponding neutrino recoil force acting on the sample
is obtained. We show that the magnitude of this force for
pure Gamow–Teller transitions and for mixed Fermi and
Gamow–Teller transitions are comparable. Prospects to
measure this force by the use of modern micromechanical
devices are discussed and appear to be realistic. Numer-
ical estimates for the force are performed for a number
of most suitable radioactive isotopes.
It is shown that, as it would be expected, the sensiv-
ity of the recoil force to neutrino mass is too small to
detect the mass. However, another factor governing the
neutrino momentum can be revealed. EC is, in fact, a
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transformation of the whole atom (not only the nucleus).
Thus, the daughter atom gets one of the excited states
each being related with a definite energy of the emitted
neutrino. Since the recoil is determined by the neutrino
energy averaged over the final atomic states, the force
turns out to be a source of information on the probabil-
ity distribution over these states.
Besides, as mentioned above, the recoil force is inti-
mately related with the asymmetry of neutrino angular
distribution. As for parity violation, the asymmetry co-
efficient for allowed nuclear transitions was first found in
Ref. [13]. It has a definite value for a pure Gamow–Teller
transition. However, for a mixed Fermi and Gamow–
Teller transition, the coefficient is determined by the ra-
tio of the corresponding reduced matrix elements. Thus
for such a mixed transition, this ratio can be found by
the recoil force measurement. In the same manner, the
recoil force can give information on hypothetical Lorentz
invariance violation resulting unique asymmetry terms in
the neutrino angular distribution [14].
We show that the recoil force being very small can
be measured by the use of the methods developed in
magnetic resonance force microscopy (MRFM). It means,
in particular, that further improvements discussed in
MRFM (see., e.g., [36, 37]) could be used as well to
increase accuracy of the neutrino recoil force measure-
ments.
The first point to focus on is the nuclear polarization P .
Throughout the paper we assumed that the polarization
results from the Boltzmann distribution (22) at the tem-
perature T = 1 K in the magnetic field B = 10 T. Under
these conditions the polarization, as it is seen from Ta-
bles I and II, does not exceed 1 % (this also holds for the
isotopes from Table III). Meanwhile, the hyperfine inter-
action may be used to transfer the polarization from the
electronic subsystem to the nuclear one. Different meth-
ods of such dynamical polarization, tested in MRFM ex-
periments [32, 38] at the temperature ∼ 5 K, allowed to
increase the nuclear polarization by the factor of ∼ 10.
Since the recoil force (21) is proportional to P , an en-
hancement of the polarization by 10-100 times by means
of dynamical methods would increase the force by the
same factor.
The second point to consider is reducing the thresh-
old for the measured force (34). This requires tempera-
ture lowering, as well as increasing the quality factor Q.
To fulfill these requirements, one has to minimize the
heat load by improving the system generating rf magnetic
field, to develop new methods for cantilever displacement
sensing and to probe new materials for microresonators
production.
An additional factor can also contribute to the recoil
force measurement improvement. MRFM is aimed at ob-
taining information about the magnetization distribution
in a sample; this is only possible, if the magnetic force for
every small part of the sample is measured quite quickly.
Therefore, a bandwidth ∆ν ' 1/∆t in (34) cannot be
too narrow. The recoil force measurement, on the con-
trary, can be carried out for a long time, with an effective
narrowing of ∆ν.
Thus, the measurement of the recoil force caused by
the neutrino emission in EC by polarized nuclei is of in-
terest for physics of the weak interaction as well as for
the search of effects beyond the Standard Model. This
approach can become a useful complement to the exper-
iments of traditional type, since it employs methods fun-
damentally different from the ”standard” ones used in
nuclear and particle physics. In the case of successful re-
alization, these methods may appear useful for the other
studies dealing with small force measurements.
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